During the last 5 years, power conversion efficiencies of hybrid (organic-inorganic) halide perovskite solar cells have shown impressive advances. This success has been partly due to the advances in thin film deposition techniques, but also due to the understanding of the chemical and structural characteristics of the hybrid organic-inorganic perovskites that make it possible to modulate their optoelectronic properties. Moreover, engineering the chemical composition of these materials still remains a powerful tool for further improvement of the photovoltaic activity of these materials. The preparation of efficient lead-free hybrid perovskites exhibiting reduced toxicity is one of the main targets. Besides environmental issues, the control of the composition of hybrid perovskites should be used to achieve a decrease in the bandgap energy, trying to extend the photoresponse of the materials into the NIR region. A third target is the long-term stability of devices, a property closely related to the negative influence of humidity and phase transition. This review focuses on showing how the modification of the composition of each of the three components (organic cation, metal and inorganic anion) of the parent hybrid halide perovskite (CH 3 NH 3 PbI 3 ) influences the optoelectronic properties, photovoltaic efficiency and stability of these striking materials.
Introduction
Organic-inorganic perovskite solar cells have erupted in the eld of photovoltaics with such an impetus that according to data extracted from the Web of Science the number of publications in the last few years has grown exponentially, going from less than 20 in 2012 to more than 220 in 2014, receiving more than 5000 citations in that year, and it can be foreseen that this tendency will continue at an increasing pace in the following years. The considerable attention on hybrid (organicinorganic) perovskite technology has arisen from the fast power conversion efficiency improvements that this material has achieved in photovoltaic devices. Since the rst report in 2009 where 3.8% efficient devices were reported for CH 3 NH 3 PbI 3 perovskites as an inorganic sensitizer in photoelectrochemical solar cells using an I À /I 3 À liquid electrolyte, 1 remarkable efficiency records have been continuously attained in short intervals, this evolution contrasting favorably with conventional dyesensitized solar cells. The substitution of liquid electrolytes by solid state hole conductors such as spiro OMeTAD (2,2 0 ,7,7 0 -tetrakis-(N,N-di-4-methoxyphenylamino)-9,9 0 -spirobiuorene) pushed rapidly efficiencies up to 8%, overcoming the negative effect of perovskite solvation in acetonitrile. Moreover, the use of a mesoporous Al 2 O 3 layer instead of an n-type TiO 2 semiconductor increased even higher the device efficiency up to 10.9% using the mixed halide CH 3 NH 3 PbI 3 (Cl) in 2012. 2 Continuous progress has been made since then, combining adapted lm processing conditions with material design, resulting in efficient devices up to 19.3% (from a reverse-bias current-voltage curve) presented in 2014. 3 More recently, researchers in the Korea Research Institute of Chemical Technology (KRICT) presented a certied perovskite solar cell of 20.1% that is probably the current efficiency record at this moment.
4 Consequently, perovskite solar cells are nowadays serious competitors to the thin lm technologies based on semiconductor chalcogenides such as CdTe or copper indium gallium selenide (CIGS).
Intensive research has been carried out to determine the properties of the hybrid halide perovskite as a function of the composition. The general chemical formula of perovskites follows a AMX 3 pattern, where A (smaller) and M (larger) represent two cations of different sizes, A being organic in the present case, and X an anion (Scheme 1). This general formula allows a large variety of compositions, including oxides, nitrides or halides, which may form different crystalline phases (cubic, tetragonal or orthorhombic) and structures (3D or 2H), including distorted structures (Scheme 2). As a consequence of this variety of compositions and structures, perovskites exhibit a wide range of physical and chemical properties such as ferroand piezoelectricity, magnetism, superconductivity, semiconductivity and catalytic activity.
There have been two main reasons for these signicant performance improvements in such a short period of time. On one hand, the formation of dense, high quality, continuous and crystalline thin lms of organic-inorganic perovskites, through Scheme 1 General crystal structure of a typical hybrid perovskite.
Scheme 2 Pictorial illustration of the 3D and 2H structures of a perovskite.
optimized processing chemistry. 3, 5, 6 On the other hand, optimization of the composition of the material by incorporation of different organic cations (A), metal cations (M) and halide anions (X) into the perovskite composition has been a second strategy to increase solar cell efficiency. 7, 8 This composition optimization constitutes the focus of the present review.
Two device architectures have been extensively used in perovskite solar cells: the planar heterojunction and the mesostructured cell (Scheme 3). In the rst case, a at perovskite layer is sandwiched between selective n-and p-type semiconductors, while in the second case, perovskites are inltrated into a mesoporous layer which can be either an n-type semiconductor material or an insulator which acts as a rigid matrix. In both cases, several methodologies have been developed to fabricate notably efficient hybrid halide perovskite solar cells.
The easiest method for device preparation is based on the straightforward formation of most common hybrid perovskites and consists of one step deposition, in which two precursors, the metal halide and the organic halide, in a common organic solvent, are mixed together and subsequently deposited on a substrate by spin coating (Scheme 4). This method has been used both for solar cells based on planar surfaces and mesoporous layers, but is particularly suitable for perovskite deposition in mesoporous layers. Initial reports state that spin coating directly onto compact, at substrates in planar heterojunction architectures resulted in unsatisfactory surface coverage and, therefore, in poor device performance as well as low device reproducibility due to dewetting effects. 9 It has been widely reported that device performance strongly depends on the lm morphology. This is a consequence, on one hand, of the inefficient charge carrier transport and diffusion length which may produce losses on the current density of the devices at short circuit. 10, 11 On the other hand, inappropriate lm morphology promotes the presence of defects in the lm and crystal grain boundaries which act as carrier traps, enhancing recombination events as well as hysteresis effects, which causes inaccuracy in the characteristic I-V measurements.
12,13
Morphology control was improved through careful processing condition optimization. Inert processing environments, optimized spin coating conditions and adequate annealing temperature control allowed improvements in lm morphology and, therefore, the efficiency of devices was enhanced. 6 In addition, composition engineering by precursor selection [i.e. PbCl 2 , PbI 2 or Pb(OAc 2 )] was found to be crucial to obtain faster and more uniform crystallization during deposition, thus, improving the device efficiencies up to 14% by using Pb(OAc) 2 as the precursor. 6 Despite the improved lm properties that processing conditions and composition engineering have achieved in the one step deposition method, still some variations in the lm thickness have been found, 14 leading to low reproducibility of efficiency of these devices. In contrast, more uniform perovskite lms have been achieved using dual source coevaporation of the precursors 14 (Scheme 4). Solvent engineering has been also proposed as an effective method in order to improve the lm morphology. In this regard, solvent mixtures of dimethylsulfoxide and g-butyrolactone have been employed in the preparation of CH 3 NH 3 Pb(I 1Àx Br x ) 3 perovskites followed by toluene drop casting. This procedure yielded extremely uniform and dense perovskite layers due to the formation of a more stable phase that retards the fast CH 3 NH 3 I(Br) and PbI(Br) 2 reaction. 15 In a similar way, Park and coworkers described the formation of a 1 : 1 : 1 adduct of CH 3 NH 3 I-PbI 2 -DMSO by spin coating on DMF solution and subsequent diethyl ether addition to remove the excess of less-volatile solvents.
In this way, they obtained highly efficient ($19%) and reproducible perovskite solar cells.
16
Improved particle morphology control has been achieved through a two-step deposition method (Scheme 4). In this method, the metal halide precursor is deposited either in the mesoporous layer or on the at substrate. Aer an annealing treatment, the metal halide layer is exposed to the organic halide precursor by soaking the supported metal halide layer in an organic halide solution 17 or by exposing the lm to the precursor vapor.
18
A two-step method in which the two precursor materials were sequentially spin coated one on top of the other has been also reported and the perovskite formation is achieved by reactant diffusion.
19,20
The systematic morphology control of the perovskite lms that can be achieved with the deposition technologies has provided comprehensive understanding of the nucleation and growth steps occurring in the perovskite formation, and this information has been very useful for device optimization. For further detailed coverage of the perovskite crystal growth methods and reported deposition techniques the reader should refer to the existing literature in this topic.
5,6,8,21-23
Scheme 3 Illustration of the two main hybrid perovskite solar cell architectures.
Scheme 4 Three general methodologies, coevaporation, one step solution method and two step solution methods, employed for the deposition of hybrid perovskites.
Besides selection of the adequate lm formation technique, further improvements can be achieved through design and careful control of the hybrid perovskite composition and by improvement of the synthetic procedures. In this review, we have focused on the inuence on the device performance derived from the systematic substitution of organic and metal cations or halide anions in the prototypical CH 3 NH 3 PbI 3 perovskite.
In spite of the efficiency enhancement due to the reduced light losses and optimized optical and electronic properties achieved through improved processing with the parent CH 3 -NH 3 PbI 3 perovskite, some remaining important issues that cannot be solved by lm formation are still under discussion. Firstly, the search for lead-free nontoxic perovskites is one of the main objectives in order to introduce this type of photovoltaic cell in the commercial market without causing environmental concerns. A second point is to extend the spectral response of the photoactive perovskite towards the NIR part of the spectra to harvest the maximum possible sunlight. A third crucial problem to be solved is the ambient condition instability exhibited by CH 3 NH 3 PbI 3 perovskite. The main instability issue arises from the moisture sensitivity that this material presents. Therefore, new strategies in the composition are desirable in order to obtain moisture stable perovskites. Moreover, it has been reported that the other instability source could arise from the phase transition from the tetragonal to the cubic structure that typically takes place at about 330 K for this material. 24 Therefore, perovskite compositions having a tetragonal structure and improved stability are also highly desirable. Other properties to be improved by suitable composition optimization are the crystal size and phase, bandgap tuning, recombination control, charge transport properties and reduction of the J-V hysteresis.
Among all perovskite compositions, hybrid organic-inorganic perovskites and their derivatives have come under the spotlight in photovoltaics during the last few years due to the excellent optical and electronic properties that they have demonstrated, boosting device efficiencies up to 20% under 1 Sun illumination. The AMX 3 composition is retained in these hybrid perovskites, A being an organic cation. The most employed perovskite in photovoltaic applications corresponds to a 3D structure perovskite formed by methyl ammonium as an organic cation, lead as a metal and iodine as an inorganic anion (CH 3 NH 3 PbI 3 ). Nevertheless, several alternatives for each one of the different components (A, M and X) of these hybrid perovskites have been explored with the aim of overcoming the existing limitation in the eld. In the following sections, we will describe the different composition alternatives to the archetypical CH 3 NH 3 PbI 3 perovskite widely employed in photovoltaics and their impact on the photoresponse and stability of the resulting material.
The organic cation
It is well established that the organic cation in hybrid perovskites determines the perovskite structure and dimensionality, inu-encing some optoelectronic properties as well as the perovskite stability. The cation size can be responsible for lattice expansion or contraction, leading to bandgap modication (Scheme 5). This is a consequence of the four edge-sharing MX 6 octahedra, which only allow small cations into the 3D perovskite structure. In fact, a tolerance factor has been applied in order to dene the limits on ionic sizes of each component.
25 Theoretical calculations have predicted that different organic cations, in addition to contributing to the structural distortion of the inorganic octahedra because of their size, affect the crystal structure due to the electrostatic interaction between the acidic hydrogens in the organic cation and the inorganic halogens, through hydrogen bonding, promoting a red-shi in the absorption onset and improving the charge transport properties of these devices. 26 Nevertheless, CH 3 NH 3 + with an ionic radius of 0.217 nm has been the most employed cation and some of the best device performances have been reported comprising always this organic cation in the hybrid perovskite composition. 7 However, other organic cations with a larger or smaller radius have been also reported. The interest in replacing CH 3 NH 3 + by different cations comes from, on one hand, the well-known undesirable moisture sensitivity of CH 3 -NH 3 PbI 3 and, on the other hand, from the reversible phase transition of this perovskite composition between tetragonal and cubic at 57 C. 24 This temperature usually falls within the device operating temperature, affecting the band structure and, therefore, the photovoltaic performance and stability. Perovskites lacking this unwanted phase transition under operation should be preferred.
Additionally, the use of different organic cations (i.e. formamidium, HC(NH 2 ) 2 + ) instead of CH 3 NH 3 + in planar heterojunctions improves the cell performance by showing negligible hysteresis between forward and reverse J-V measurements.
5,27,28
Besides moisture sensitivity and the phase transition issue, the need to expand the light absorption towards the NIR region requires the reduction of the perovskite bandgap. The typical hybrid perovskite CH 3 NH 3 PbI 3 containing methyl ammonium cations possesses a 1.55 eV band gap, being the ideal bandgap estimated between 1.1 and 1.4 eV for a single-junction solar cell. 28 The CH 3 NH 3 I precursor is typically prepared by the reaction between a CH 3 NH 2 solution in methanol or ethanol and a HI solution in water at low temperature for about 2 h.
8
The utilization of other different organic cations could require adaptation of the synthetic method, although the organic halide cation preparation procedure has been used in the majority of the reports.
It is well known that the perovskite band gap is very sensitive to network structure modications (i.e. deformation, enlargement or tilting). At room temperature, the tetragonal structure in CH 3 NH 3 PbI 3 is given by the small size of the CH 3 NH 3 + cation.
Therefore, the incorporation of a bigger cation is believed to provide a higher symmetry to the perovskite structure and as a consequence, band gap reduction.
29
In this regard, Nam-Gyu Park et al. reported the preparation of lead iodide perovskites of ethylamine (CH 3 CH 2 NH 3 PbI 3 ) mixing equimolar solutions of ethylammonium iodide and lead iodide in g-butyrolactone. 30 The CH 3 CH 2 NH 3 I was prepared by reacting an ethylamine solution in methanol with a hydroiodic acid solution in water, analogously to the typical methylammonium iodine preparation. The resulting perovskite presented a 2H structure consisting of PbI 6 chains separated one from the other by ethylammonium ions with an orthorhombic phase (see Scheme 2) . The larger alkyl chain length in the organic cation does not allow maintaining the 3 D tetragonal AMX 3 lattice. As a consequence of the structural change, the perovskite bandgap increased up to 2.2 eV, and the power conversion efficiency using this cation in the lead iodide perovskite was lower than that of the methylammonium based perovskite.
30
Similarly, Baikie and co-workers reported a perovskite containing a formamidium cation (HC(NH 2 ) 2 + , FA + ) instead of the methylammonium (CH 3 NH 3 + ). The ionic radius of FA + has been reported to be slightly bigger than that of the methylammonium (r formamidium ¼ 0.279 nm), and therefore the estimated formamidium based perovskite bandgap is 1.47 eV, allowing better spectral absorption.
31
Pang et al. reported other synthetic routes for the HC(NH 2 ) 2 I preparation where formamidium acetate and HI reacted in water at 0 C for 2 h. The as-prepared cation was used to build FAPbI 3 devices using a one-step solution process or the two-step dipping methodology. By using the latter method 7.5% efficiency was reported compared to only 3.7% efficiency obtained by the one-step deposition method. The reason for these results seems to be the feasibility of forming phase-pure FAPbI 3 following the two-step dipping method.
29
In this context, Snaith et al. reported planar heterojunction devices containing this FA + based perovskite with an average efficiency of 9.7%. 28 In this case, the FAI precursor was prepared by dissolving an excess of formamidium acetate in a HI water solution. The halide perovskite was formed by adding an additional small amount of HI to the stoichiometric FAI : PbI 2 (1 : 1) in DMF solution during FAPbI 3 formation, observing the absence of the yellow phase aer annealing. At the same time, Park et al. reported an improved FAI synthetic route, where high quality FAI was obtained with a yield above 90%. 27 The employed synthetic method does not use formamidium acetate as the precursor in order to avoid the formation of acetic acid during the reaction with HI which is not easy to eliminate. Instead of methanol they used ethanol in the presence of sodium hydride since in the formamidium formation, NaCl precipitation is favored due to the lower solubility of this salt in ethanol compared to methanol. Power conversion efficiencies up to 16% were obtained using FAPbI 3 perovskite prepared with the optimal precursor. Another additional advantage of this FAPbI 3 perovskite is that it does not show phase transition, increasing thermal stability when compared to the parent CH 3 
34
A certied power conversion efficiency of 12.8% was achieved by using this mixed-organic cation perovskite.
In this case, the partial substitution of the methylammonium cation by AVA + favors an orthorhombic perovskite phase, enhancing the light harvesting without a change in the spectral response, increasing the device photocurrent, and, therefore, the power conversion efficiency. Recently, Seok et al. reported photovoltaic devices incorporating small proportions of (CH 3 NH 3 PbBr 3 ) into (FAPbI 3 ) to obtain (FAPbI 3 ) 1Àx (CH 3 NH 3 PbBr 3 ) x , where x varies from 0 to 0.3. 5 The rationale behind this strategy derives from the relative instability reported for FAPbI 3 due to the formation of a yellow non-perovskite polymorph (d-phase) which should be responsible for inefficient charge transport and an increase in the optical bandgap. In contrast, CH 3 NH 3 PbBr 3 is well known to tune the perovskite band gap up to 2.3 eV as well as to stabilize the perovskite structure. By optimization of the molar ratio between FAPbI 3 and CH 3 NH 3 PbBr 3 to x ¼ 0.15, the authors demonstrated stabilization of the perovskite black phase. The optimized phase stability and crystallinity enhanced the balance between electrons and holes in the perovskite, reducing the cell hysteresis and obtaining an average device efficiency between the reverse and forward applied bias of 18.4% under 1 Sun illumination.
5
Although the best device efficiencies have been reported employing organic cations in the ABX 3 perovskite structure, some reports have questioned the need for using only organic cations. 35 In fact, it has been reported that Cs + doped CH 3 NH 3 PbI 3 produced J sc and V oc improvements, enhancing the overall device efficiencies from 5.5 to 7.7%. 
36
Consideration of the current state of the art shows that there is still interest in testing other small size organic cations besides those containing N, preferably those that could give stable perovskite crystal phases, including in the study the most appropriate synthetic route for high purity perovskite formation and also a suitable lm processing protocol. In addition, further understanding of the inuence that doping with inorganic alkali metals and related cations can play in the performance of photovoltaic devices based on hybrid perovskites is still necessary.
The metal cation
It is well established that in the general formula (AMX 3 , replacement of this heavy metal cation by a less toxic metal that can result in an adequate perovskite bandgap without detriment to the performance of the photovoltaic device is at this moment under intense research. For this reason, group 14 elements with comparable ionic radii to that of Pb 2+ have been intensely explored to allow replacement of toxic Pb. Since the discovery of the electrical properties of inorganic oxide perovskites, a large number of compositions have been explored. One of the rst reports on the synthesis and characterization of hybrid halide perovskites was carried out by Mitzi and co-workers in 1994. 38 They reported one family of hybrid halide perovskites ((C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) nÀ1 Sn n I 3n+1 ) with very promising electronic properties. Lately, the same author explored the electrical, optical and thermal properties of a series of hybrid halide perovskites (C 4 H 9 NH 3 ) 2 MI 4 , where M ¼ Ge, Sn or Pb.
39 All these perovskites were synthesized from aqueous hydroiodic acid solutions. MI 4 (M ¼ Ge, Sn and Pb) precursors were dissolved in aqueous HI solutions and reduced to MI 2 by addition of appropriate amounts of H 3 PO 3 into the HI solution (Scheme 6). Aerwards, (C 4 H 9 NH 3 ) 2 $HI solutions in aqueous HI were added to the MI 2 solutions resulting in the formation of the desired perovskites that precipitate from the solution. Orthorhombic structures were obtained for all metals; however, (C 4 H 9 NH 3 ) 2 GeI 4 presented a different space group and greater distortion in the GeI 6 octahedra compared with the perovskites of the other two metals. This distortion produced a lower melting point and smaller bandgap in the (C 4 H 9 NH 3 ) 2 44 This sample is synthesised by reprecipitation of appropriate amounts of the two different metal perovskites. The difference between the two procedures for preparation of mixed-metal hybrid perovskites is the synthesis procedure. In one case, CH 3 NH 3 I, PbI 2 and SnI 2 precursors were mixed in stoichiometric proportions to obtain the CH 3 NH 3 -Sn 0.5 Pb 0.5 I 3 perovskite, while in the latter case the already prepared CH 3 NH 3 PbI 3 and CH 3 NH 3 SnI 3 solids were dissolved together in order to obtain the mixed perovskite with apparently the same composition, but different performance.
Besides the poor air stability observed for the Sn perovskites due to the aerobic Sn 2+ oxidation, the other problem responsible for the low power conversion efficiency in photovoltaic devices built with Sn-containing perovskites is the discontinuous lm morphology and poor electrode coverage (Fig. 1) . The inefficient lm coverage is responsible for shorting, poor charge transport and fast charge recombination. In this regard, Jen et al. reported an improved synthetic route to obtain binary PbSn perovskites. 45 In this report, an ethanolic solution of methylamine was mixed with an aqueous solution of HI in the presence of hydrophosphorous acid. Then, CH 3 NH 3 I, PbCl 2 and SnCl 2 were mixed in the desired ratio in anhydrous DMF. Planar heterojunction devices were built using CH 3 NH 3 Pb 1Àa Sn a I 3Àx -Cl x were prepared in this way and high electrode coverages (up to 97%) were obtained. In addition, the Sn atom incorporation shied the absorption from 800 nm to 900 nm, achieving a maximum device efficiency of 10.1% at 1 Sun. This result was obtained with 85 : 15 Pb : Sn atomic percentage in the perovskite composition, which correlated with the lm with the highest electrode coverage as determined by scanning electron microscopy. 45 In spite of the enhanced light harvesting in the NIR, and the more than 20 mA cm À2 current density obtained from this Sn/ Pb mixed perovskite, the overall efficiency under 100 mW cm À2 of sun simulated light was still lower than the average efficiency of the Pb based hybrid halide perovskite, although single Pd hybrid perovskite absorbs light only up to 800 nm. A lower open circuit voltage (V oc ) and ll factor (FF) are usually obtained with devices containing Sn in the perovskite structure. Therefore, deeper understanding of the charge transfer reactions taking place in the active layer (especially charge separation and recombination) is needed to devise strategies to overcome these limitations and combine in a material the advantages of the enhanced photocurrent obtained with the Sn based perovskite with the high photovoltage exhibited by Pb based perovskite.
In this regard, Shen and co-workers determined that the density of defects and trap states in binary Sn/Pb perovskites was higher than that in Pb based perovskites. 46 As a consequence, only 20% of the Sn/Pb based perovskite excited states have lifetime longer than 3 ns (Fig. 2) , while, in Pb based perovskite 90% of excitons decayed aer 100 ns. This faster excited state deactivation was attributed to nonradiative charge recombination through trap states in the binary perovskite. The authors found it possible to enhance the V oc and FF by defect density reduction in the Sn/Pb perovskites. 46 Therefore, composition optimization and engineering of the Sn based perovskite are needed in order to reduce the density of defects and reduce recombination.
One example of composition engineering can be found in the case of an all inorganic CsSnI 3 perovskite with an orthorhombic structure, which has been employed as a solid electrolyte in a dye-sensitized solar cell. 47 The typical I À /I 3 À redox pair in liquid electrolytes can be replaced with this inorganic perovskite, which not only presented improved hole mobility properties, respect to other solid state electrolytes, but also its 1.3 eV bandgap introduces additional photoresponse in the NIR part of the radiation spectra (absorption edge 953 nm). Photovoltaic devices employing this perovskite as the solid electrolyte achieved more than 10% efficiency by doping the perovskite with 5% of F À (CsSnI 2.9 F 5 ). 47 Based on this precedent, CsSnI 3 has also been employed as an active material in solar cells with spectral responses up to 950 nm. Nevertheless, efficient photovoltaic devices were only obtained by doping the inorganic perovskite with SnF 2 . The poor performance without the F À doping was due to the presence of intrinsic defects associated with the Sn metal cation, which results in metallic conductivity. Therefore, the addition of SnF 2 was found to be very important in order to reduce background carrier density.
48
Theoretical calculations have revealed that the main differences between Sn and Pb based perovskites are a consequence of relativistic effects due to the contraction of valence band atomic orbitals. These effects stabilize signicantly Pb based perovskites against oxidation due to the much deeper valence band edge, which at the same time also increases their bandgap. 49 In other words, theory indicates that the optimum Sn based perovskite bandgap derives from a relatively elevated valence band that, on the other hand, is also responsible for the easy Sn 2+ oxidation.
Other candidates for lead-free perovskites such as (CH 3 -NH 3 ) 2 CuCl 4Àx Br x or (RNH 3 ) 2 FeX 4 have been synthesized.
50,51
However in these cases 2H structures have been obtained instead of the 3D polymorphs resulting for metals from the 14 group. In the case of the Cu based perovskite the bandgap can be tuned by increasing the ratio of Br in the structure. However, the presence of Cl has been found to be crucial in order to avoid Cu 2+ reduction. Although light harvesting in the NIR region has been achieved, efficiencies as low as 0.02% were measured and attributed to the partial Cu 2+ reduction by Br À , which introduces anion vacancies acting as charge carrier trapping sites.
50
In the case of the Fe based perovskites metal oxidation from Fe 2+ to Fe 3+ has been identied as a possible source of instability, and there are still no optoelectronic studies showing the photovoltaic activity of Fe hybrid halide perovskites in spite of their obvious interest derived from abundance and the lack of toxicity of Fe.
7
The synthesis and crystallographic characterization of NH 3 (C 6 H 4 ) 2 NH 3 CuCl 4 and NH 3 (C 6 H 4 ) 2 NH 3 HgCl 4 organic-inorganic perovskites have been also reported. 52 The Cu based perovskite structure showed well-ordered sheets of cornersharing distorting CuCl 6 octahedra, separated by layers of the organic cation. However, the Hg based perovskite presented anionic parallel layers and alternating layers of the organic cation and tetrahedral HgCl 4 2À . In both cases, the different organic-inorganic layers are interconnected by relatively weak H-bonds between amino groups of organic cations and the Cl À of the anionic counterparts, 52 making them good candidates to explore their photovoltaic performance or for the synthesis of similar structures containing organic cations with different compositions and sizes.
In this regard, Papavassiliou et al. reported a complete structural, optical and electronic study of organic-inorganic semiconductors using combinations of a wide range of organic cations and metal halides (M ¼ Bi, Sb, Sn, Pb, Cu and Ag), 53 opening the possibility to explore the use of metal alternatives to Pb.
The inorganic anion
As commented earlier, many perovskites of different compositions have been described in the literature (oxides, nitrides or halides). However, hybrid halide perovskites have been found to exhibit the best optoelectronic properties. In this regard, the inuence of the halogen elements I, Cl and Br, and their combinations has been widely studied and a strong dependence of the photovoltaic performance of the perovskite cell depending on the halogen composition has been demonstrated.
It was reported in 2003 that CH 3 NH 3 PbBr 3 presented a larger bandgap and tighter bound excitons than CH 3 NH 3 PbI 3 as a consequence of the intrinsic properties of each halogen.
54
Exciton binding energies of 76 meV and 50 meV were estimated for CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3 , respectively, which are larger than the exciton binding energy of other inorganic semiconductors such as GaAs (4.2 meV). 55 This was lately conrmed in perovskite solar cells, where the hybrid halide perovskites CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 were compared using liquid electrolytes. 1 The power conversion efficiencies of CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 were 3.81% and 3.18%, respectively. However, to put these efficiency values in perspective it has to be considered that perovskites containing I showed a smaller bandgap than perovskites containing Br. Therefore, in the incident photon to current efficiency (IPCE) measurements, it was determined that devices based on CH 3 -NH 3 PbI 3 harvested light up to 800 nm, while in CH 3 NH 3 PbBr 3 devices light harvesting occurs below 600 nm. When corrected for this difference in light absorption, the differences in IPCE values are very minor. In addition, photoelectron spectroscopy determined that the CH 3 NH 3 PbI 3 valence band (5.44 eV) is higher in energy than the CH 3 NH 3 PbBr 3 valence band (5.38 eV) and conduction band edges calculated from the valence band and the optical bandgap were estimated to be at 3.36 eV for CH 3 NH 3 PbBr 3 and 4 eV for CH 3 NH 3 PbI 3 .
1 The origin of the V oc in perovskite based photovoltaic devices still remains unclear and it is under discussion. Although active materials showing larger band gaps should, in principle, lead to devices with higher V oc than smaller band gaps materials due to the energy difference between their conduction and valence bands, the redox potential of organic hole conductors and the work function of the different electrodes used in device construction, together with internal resistance, limit the observed V oc in devices. The recombination rate plays a key role in the performance not only in perovskite solar cells but also in other types of photovoltaic devices such as dye sensitized solar cells or organic solar cells. Recombination dynamics has been found to be composition-dependent in perovskite solar cells, and the addition of a small percentage of Br À into mixed halides perovskite solar cells has been found to reduce the recombination rate when compared to the pure materials.
56
The high band gap in CH 3 NH 3 PbBr 3 perovskites allows the possibility to build high V oc solar cells, which could offer opportunities in electrochemical reactions, 57,58 tandem cells 59 or photodetectors. 60 In this sense Qiu and co-workers reported hybrid CH 3 NH 3 PbBr 3 perovskite solar cells exhibiting 1. 15 
61,62
In spite of the high open circuit voltages obtained with the Br perovskite and the reported organic hole conductors, the overall efficiencies obtained at 1 Sun illumination in such devices were far from the average efficiency obtained using I as an inorganic anion in the perovskite. This low efficiency makes difficult the application of bromide-based perovskite in the production of solar fuels or tandem cells. However, Im et al. reported that one of the reasons for such a low efficiency could be a low density of CH 3 NH 3 PbBr 3 lms, and therefore, poor electrode coverage.
63
They found that CH 3 NH 3 PbBr 3 perovskite dissolved in DMF produced fast nucleation of isolated CH 3 NH 3 PbBr 3 crystals, which produced low coverage and inefficient devices. However, when they added HBr aqueous solution to the CH 3 NH 3 PbBr 3 perovskite in DMF the crystal nucleation slowed down, due to the improved solubility of CH 3 NH 3 PbBr 3 in the solvent mix, resulting in the formation of denser and thinner lms with full coverage. Using the DMF/HBr solvent and the organic hole conductor PIF8-TAA, 10.4% efficiency at 1 Sun illumination was obtained, exhibiting 1.5 V in open circuit. 63 Recently, a vaporassisted method for CH 3 NH 3 PbBr 3 fabrication has been utilized as an alternative to overcome the poor lm coverage that solution methods present. A PbBr 2 lm, previously deposited by spin coating, was treated with CH 3 2 They found that devices using an Al 2 O 3 mesoporous layer were more efficient than those using TiO 2 , mainly due to the faster electron transport in the mixed perovskite when Al 2 O 3 was used instead of TiO 2 . Apart from device structural considerations, they found that the crystallization rate can be controlled by changing the halide composition. The inclusion of Cl atoms replacing a percentage of I produced a longer crystallization process as a consequence of lattice distortion generated by the Cl inclusion in the perovskite structure. Moreover, I anion substitution by Cl was again found to increase the electron conductivity and charge diffusion length. These benecial effects seem to be not counterbalanced by important negative side effects in the lm since spectroscopic measurements have shown similar light harvesting (from 400 to 800 nm) for NH 3 NH 3 PbI 3Àx Cl x compared to the parent CH 3 NH 3 PbI 3 perovskite solar cells, indicating no change in bandgap (1.55 eV) despite the incorporation of Cl into the perovskite lattice. The use of the mixed halide CH 3 NH 3 PbI 3Àx -Cl x not only produces a remarkable enhancement in the lm conductivity, but also improves the morphology of the lms in comparison with those of CH 3 NH 3 PbI 3 devices processed under the same conditions. Other additional benets are the reduction of the J-V hysteresis and an improvement in the device reproducibility.
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Crystallization is an important process controlling the overall photovoltaic cell performance that depends on multiple variables such as precursor composition, concentration, solvents and deposition temperature. In this regard, highly dense lms of mixed halide perovskite CH 3 NH 3 PbI 3Àx Cl x have been deposited via the solution processing method resulting in highly reproducible photovoltaic devices with efficiencies up to 10.8%. 70 These dense lms were achieved by increasing the mixed halide perovskite precursor concentrations and optimizing lm deposition conditions by controlling the spin rate. Both modications were carried out by using dimethyl sulfoxide (DMSO) as the solvent, since compared with DMF or mixed DMF and g-butyrolactone, DMSO allows preparation of more concentrated CH 3 NH 3 PbI 3Àx Cl x precursors (up to 60 wt%). In addition, DMSO possesses a higher boiling point which is advantageous for achieving a slower drying. 70 Other approaches employed to control the crystal growth in solution processed mixed halide perovskites are based on the use of additives (such as 1,8-diiodooctane) in the precursor solutions.
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The formation of at uniform lms of CH 3 NH 3 PbI 3Àx Cl x using a dual-source vapor deposition method has been also demonstrated by Snaith et al.
14 In this way, planar heterojunction photovoltaic devices were prepared, demonstrating 15% efficiency at 1 Sun, without the need for using solvents and subsequent drying. Using this preparation method, an orthorhombic structure of high crystal quality was reported, having in the XRD pattern smaller peaks attributable to PbI 2 , in contrast to the patterns obtained from solution processing methods. In addition, no peaks corresponding to CH 3 3 by composition engineering. They controlled the perovskite bandgap over almost the complete visible region, changing the I/Br ratio, and obtaining 12.3% power conversion for the most efficient photovoltaic devices containing a mixed halide perovskite with x ¼ 0.2.
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As commented earlier, the CH 3 NH 3 PbBr 3 perovskite is a wide bandgap material with excellent hole conducting properties. Therefore, this perovskite has been used in combination with CH 3 NH 3 PbI 3 in order to obtain, on one hand, tunable bandgap perovskite, and on the other hand, free hole conductor perovskite solar cells. 
Conclusions
Perovskite solar cells have abruptly emerged in the photovoltaic eld due to the high power conversion efficiency they demonstrated in just few years. This breakthrough in the photovoltaic eld is a consequence, on one hand, of the considerable structural and chemical knowledge of hybrid perovskites that started decades ago by Weber, 79 and lately, the study of their physical properties by Mitzi. [37] [38] [39] [40] On the other hand, the technological advances in the preparation of lms and deposition methods, already developed for other photovoltaic technologies, have been adapted in a straightforward manner for the preparation of perovskite solar cells. CH 3 NH 3 PbI 3 perovskite solar cells have demonstrated impressive record device efficiencies, and almost introduction in the commercial market has already been informed. 80 The now-adays efficiency is getting close to the theoretical maximum value ($31%), which is close to the Shockley and Queisser limit of 33%. 81 This theoretical limit predicts a maximum J sc of 26 mA cm À2 and V oc of 1.3 V, approximately. 82 Nevertheless, some open questions and concerns still require further research and developments such as the origin of the hysteresis effect in the J-V curves measurements, which causes doubts in the accuracy of the efficiency measurements, the need for lead-free perovskites to avoid the use of this toxic heavy metal and the long-term stability demonstration of such photovoltaic technology.
In this regard, variation of the chemical composition of the hybrid halide perovskites can be a suitable methodology for nding an adequate solution for these three targets. The substitution of the typical methylammonium organic cation has been proved to extend light absorption into the NIR region, enhancing at the same time the crystal phase and material stability. The search for new organic or even inorganic cations with similar radii to that of the ammonium cation could open new possibilities to improve even further the optoelectronic performance that hybrid perovskites have shown so far. Moreover, it has been demonstrated that the partial substitution of the Pb cation by Sn, besides reducing the amount of undesirable Pb toxic metal, is able to allow certain bandgap tuning, achieving absorption edge up to 1060 nm. The search for new metal cations with similar properties to those corresponding to the 14 group is still open, and some perovskites containing Cu or Fe have been already prepared, although the currently available performance data are far from optimal. Finally, the use of mixed halide perovskites has been found to improve lm coverage, allowing also tuning of the perovskite bandgap, disfavoring charge recombination events and even improving stability. Nonetheless, not only halides must be tested in photovoltaic applications, but also other counter anions susceptible to form perovskite structures (as nitrates or oxides) should be tested in order to achieve higher device stability and efficiencies that currently limit the commercial application of hybrid perovskite photovoltaic solar cells.
